Abstract Flows in a compound open-channel (two-stage geometry with a main channel and adjacent floodplains) with a longitudinal transition in roughness over the floodplains are experimentally investigated in an 18 m long and 3 m wide flume. Transitions from submerged dense vegetation (meadow) to emergent rigid vegetation (wood) and vice versa are modelled using plastic grass and vertical wooden cylinders. For a given roughness transition, the upstream discharge distribution between main channel and floodplain (called subsections) is also varied, keeping the total flow rate constant. The flows with a roughness transition are compared to flows with a uniformly distributed roughness over the whole length of the flume. Besides the influence of the downstream boundary condition, the longitudinal profiles of water depth are controlled by the upstream discharge distribution. The latter also strongly influences the magnitude of the lateral net mass exchanges between subsections, especially upstream from the roughness transition. Irrespective of flow conditions, the inflection point in the mean velocity profile across the mixing layer is always observed at the interface between subsections. The longitudinal velocity at the main channel/floodplain interface, denoted U int , appeared to be a key parameter for characterising the flows. First, the mean velocity profiles across the mixing layer, normalised using U int , are superimposed irrespective of downstream position, flow depth, floodplain roughness type and lateral mass transfers. However, the profiles of turbulence quantities do not coincide, indicating that the flows are not fully self-similar and that the eddy viscosity 
Introduction
During high flood events, the flow in the main channel of the river overflows the adjacent floodplains, and the resulting flow takes place in a compound channel, a two-stage geometry. Compound open channel flows have been widely investigated under uniform flow conditions (e.g. [14, 24] ). However, these flows are often subjected to different sources of flow non-uniformity in the field. A first source is the longitudinal variation in cross-sectional shape, which was studied for example in the case of skewed floodplains [9] , of narrowing or enlarging floodplains [2, 21] , of local obstacles like groynes set on the floodplains [19] . These studies showed that the lateral momentum exchange between the main channel flow and the floodplain flow is driven by both the turbulent diffusion related to the mixing layer that forms at the main channel/floodplain interface and by the net lateral mass transfers between main channel and floodplain. Proust et al. [22] investigated the relaxation of flows in a straight smooth compound channel in which the upstream discharge distribution between main channel and floodplain was destabilized with regards to the uniform discharge distribution. It appears that the relaxation to uniformity is a relatively slow process: for an excess or a deficit in floodplain discharge of ±19% at the flume inlet, the uniform discharge distribution is not reached 10 m downstream. Bousmar et al. [3] pointed out that the longitudinal development of a compound channel mixing layer is slower than the development of a vertical boundary layer.
Longitudinal changes in hydraulic roughness over the floodplain are also an important source of flow non-uniformity. Indeed, changes in land occupation are common in the field, such as transitions from meadows or cultivated lands to woodland or urbanized areas. In these cases, a transition from a bed roughness to emergent roughness elements can be observed. The transition zones between two reaches with such different roughness types, where water depth and/or cross-sectional discharge distribution vary, can be expected to be characterised by a complex flow. The objective of the present paper is to gain insight into the flow processes in such regions.
Compound channel flows with a longitudinal transition in roughness were scarcely investigated so far. Jahra et al. [13] investigated compound channel flows through short patches of emergent rigid vegetation on the floodplain and successfully reproduced their experimental results with a 3D numerical simulation. Compound channel flows with a longitudinal change in roughness can be compared to flows in a channel with a rectangular cross-section (called herein single channel) where a longitudinal and a lateral transition in roughness are combined. In this case, the lateral change in roughness also induces a mixing layer. Such flows were investigated by Vermaas et al. [26] in the case of a rough bed parallel to a smooth bed, by Rominger and Nepf [23] in the case of a patch of emergent cylinders of finite width in the middle of a flat channel, and by Zong and Nepf [29] in the case of an emergent cylinder array occupying the right third of the channel width. Vermaas et al. [26] showed that the contribution of secondary currents to the lateral exchange of momentum between the two beds can be of the same order of magnitude than the contribution of net mass transfers and of turbulent diffusion. Rominger and Nepf [23] showed that the patch influences the flow over a length of L up % 4b upstream of the patch, where b is the patch half-width. Downstream of the leading edge, they defined an interior adjustment region, associated with net lateral mass transfers, followed by a region of vortex growth, before the flow gets fully developed with a constant vortex size.
The present study investigates compound channel flows subjected to a longitudinal transition in hydraulic roughness over the floodplains. The transition occurs between a rough bed, representing a submerged dense meadow, and an array of emergent cylinders, representing a woodland with emergent trees. As pointed out in Dupuis et al. [8] , compound channel flows with either a bed roughness or a cylinder array on the floodplain feature, for the same total discharge, different cross-sectional distributions of longitudinal momentum, of secondary currents and of turbulent quantities. In addition, if the mixing layer develops self-similarly all along the flume for both roughness types, its growth rate significantly differs from one type to another. Lastly, it was shown that flow uniformity was not reached at the channel end even with a homogeneous roughness on the entire floodplain. As the longitudinal flow development occurs over a large distance in the case of uniform floodplain roughness, the following questions arise: what happens in the case of a spatial transition between two different types of roughness? How behaves the mixing layer at the transition?
The main objective is here to study the compound channel mixing layer properties under non-uniform flow conditions, i.e. in the presence of longitudinal water depth gradients and of lateral net mass exchanges between main channel and floodplain. In a previous study, we investigated the same roughness transitions using the same experimental facility in a single channel configuration, to model a floodplain isolated from the main channel [7] . It was shown that, upstream of the transition, the water depth was varying and the vertical profiles of velocity and turbulence quantities were self-similar; by contrast, downstream of the transition, the water depth was constant and velocity and turbulence quantities were no more self-similar.
The experimental setup and flow configurations are exposed in Sect. 2. The investigated flows are first described from a macroscopic point of view: the longitudinal variation in water depth is presented in Sect. 3 and the discharge distribution between main channel and floodplain in Sect. 4. The mixing layer dynamics is then studied in Sect. 5, the coherent structures in Sect. 6, the turbulent exchange of momentum at the interface between main channel and floodplain in Sect. 7, and finally the secondary currents in the main channel in Sect. 8.
Experimental setup and methodology
The experiments were performed in an 18 m long and 3 m wide glassed-wall flume, located in the Hydraulics and Hydromorphology Laboratory of Irstea, Lyon-Villeurbanne, France. The compound channel cross section was symmetrical and composed of a (Fig. 1a) . The longitudinal bottom slope was S 0 ¼ 1:05 mm m À1 . Both right and left floodplains were covered with a dense plastic grass with 5 mm-long rigid blades. The bankfull level of the main channel, measured from the bottom of the main channel to the crest of the grass blades was z BF ¼ 115 mm.
After leaving the inlet tanks, the flows in the right and left floodplains were accelerated along a ramp (Fig. 1b) . The streams in the three subsections were separated by vertical splitter plates until the ramp end. The inlet discharges in the three subsections (main channel, right and left floodplains) were independently regulated with control valves and monitored by electromagnetic discharge-meters. The standard deviation of the discharge time series was of the order of 1.5% of the mean discharge value. A 100 mm-thick honeycomb was installed in the inlet tank of the main channel to vertically and laterally homogenize the flow (8 mm alveolus). At the flume outlet, the flow was controlled by three independent weirs (one per subsection) and splitter plates maintained the flows in the three subsections separated over a distance of 50 cm upstream of the weirs. The floodplains were covered either by plastic grass alone (meadow) or by an array of emergent cylinders set on the plastic grass (wood). Four flow configurations were investigated (Fig. 1b) , corresponding to different floodplain land occupations: (1) floodplains covered by meadow along the whole flume length (configuration denoted CM for Compound channel with Meadow), (2) floodplains covered by wood along the whole length (CW: Compound channel with Wood), (3) floodplains covered by wood in the upstream half of the flume and by meadow in the downstream half (CWM: Compound channel with a longitudinal transition from Wood to Meadow) and (4) floodplains covered by meadow in the upstream half and by wood in the downstream half (CMW: Compound channel with a longitudinal transition from Meadow to Wood). The first two flow configurations (CM and CW) were investigated in detail in Dupuis et al. [8] . Figure 2a shows a picture of configuration CWM.
The longitudinal axis (x-axis) is defined along the flume bottom, the vertical axis (z-axis) is normal to the bottom and the lateral axis (y-axis) is oriented from the right bank to the left bank. In this coordinate system, the instantaneous velocities, time-averaged velocities and velocity fluctuations are denoted (u, v, w), (U, V, W) and ðu 0 ; v 0 ; w 0 Þ, respectively. Overline denotes time-averaging (e.g. u 0 v 0 ). Two longitudinal coordinates x and x a are defined (see Fig. 1b ). The x a -origin is defined at the trailing edge of the upstream splitter plates. The xorigin is located at the roughness transition for the flows with a roughness transition (x a ¼ 9:05 m for configuration CWM and at x a ¼ 9:15 m for configuration CMW) and at x a ¼ 9:10 m for the two uniform flows. In the following, all results are presented using the relative coordinate x. The origin of the lateral coordinate y is located at the side wall of the right floodplain. The origin of the vertical coordinate z is defined at the bottom of the main channel. A relative vertical coordinate z f is additionally defined, whose origin is located at the floodplain bottom (main channel bankfull level), such that z f ¼ z À z BF . Subscripts m and f refer to main channel and floodplain, respectively. The flow conditions of the six flows investigated are reported in Table 1 . The total discharge was the same for all flow configurations (Q tot ¼ 162 L s À1 ). The boundary conditions were set differently for the flows with uniform roughness over the floodplain and for the flows with a roughness transition. (a) For test cases CM and CW, the upstream discharge distribution and the downstream weir levels were adjusted iteratively [3] Fig. 2b ). The cylinder diameter was D ¼ 10 mm and the cylinder density N ¼ 81 cylinders m À2 . Cylinders were held together with an emergent wooden superstructure (see Fig. 2a ) that does not interact with the flow. The accuracy of the cylinder position was ±5 mm in both lateral and longitudinal directions.
The free surface elevation was measured with ultrasonic sensors (UNDK20I69, Baumer) with an accuracy of ±0.5 mm. Recording time was 180 s at a 50 Hz sampling rate. For the two uniform flows (test cases CM and CW), the water depth was constant for 2 m\x a \17 m in the three subsections with a scatter of ±1 mm. For all flow cases, no significant lateral gradient of free surface level was detected. Velocity was measured by means of a side-looking ADV probe (Vectrino Plus, Nortek). The sampling volume was a 7 mm long circular cylinder with a 6 mm diameter. A recording time of 120 s with a sampling rate of 100 Hz was sufficient to get converged values of turbulence statistics of first and second orders. For the computation of autocorrelation functions, the recording time was set to 600 s in order to increase the quality of the results. The ADV raw data were filtered with the free software WinADV, which uses the despiking concept developed by Goring and Nikora [12] .
Owing to cross-section symmetry, we present herein measurements in the right half of the compound section. The vertical plane (x, z) at the main channel/floodplain boundary is called interface, its lateral position is denoted y int (y int ¼ 1000 mm for the right-hand interface). In the following, the analysis focuses on the flows subject to a roughness transition (configurations CWM and CMW), using the flows over a uniform roughness (test cases CM and CW) as reference flows. Figure 3 shows the longitudinal profiles of floodplain water depth H f for the roughness transition test cases, along with the mean uniform water depths of test cases CM and CW. As the flow is subcritical along the whole length of the flume, the water surface level is primarily controlled by the downstream weir levels, which are those of the uniform flow over the downstream roughness. For all test cases, an inversion of the free surface slope is observed at the transition. Tests carried out with various downstream weir levels [6] revealed that the water depth gradients at the downstream end of the channel are not an artefact due to the downstream weirs. These gradients are intrinsic to the flow dynamics. In an isolated floodplain, the water depth is constant downstream of a change in roughness Environ Fluid Mech (2017) 17:903-928 909 [7] . It can thus be inferred that the variation in water depth downstream of the roughness transition in a compound channel is related to the lateral mass transfers between subsections, that represent an additional degree of freedom, compared to the single channel (isolated floodplain). We studied the influence of the upstream discharge distribution between main channel and floodplain on the H f ðxÞ-profile in varying the value of Q f at the flume entrance for a given configuration, Q tot ¼ Q m þ 2Q f being kept constant. Test case CWMQ18 is first taken as a reference flow. The difference in water depth compared to this reference flow, H f À H f ;CWMQ18 is shown in Fig. 4a . The same tests were carried out with test case CMWQ18 as reference flow (Fig. 4b ). For the two roughness transitions, an increase in floodplain inflow induces an increase in water depth, for the same total discharge. For the wood-to-meadow transition (Fig. 4a) , the upstream discharge distribution has an effect mainly upstream of the transition. For the meadow-to-wood transition (Fig. 4b) , the discrepancy of H f with the reference flow is nearly proportional to the downstream distance. Note that for the meadow-to-wood transition, a local singularity of H f is observed at the transition (Fig. 4b ), which is due to a stationary wave at this location. 
Longitudinal variation in water depth
We can therefore conclude that the water depth is primarily controlled by the downstream boundary condition, like roughness transitions in a single channel, and secondarily controlled by the upstream boundary condition (discharge distribution). This latter control is due to the at least two-dimensional character of the flow, which is linked to the lateral mass transfers between subsections, compared to the 1D single channel flow.
Lateral mass transfers 4.1 Discharge distribution between subsections
The velocity field was measured in the right-hand half cross-section of the main channel at nine x-stations for each roughness transition test case. The measuring mesh had a mean lateral spacing of 50 mm and a mean vertical spacing of 8 mm (about 250 measuring points in the half cross-section). The mesh was refined near the interface. Assuming symmetry of the flow, the discharge distribution between subsections was then calculated by integration of the velocity field. The longitudinal variation in floodplain discharge Q f ðxÞ is shown in Fig. 5 . The upstream discharge distributions were chosen such that, for each transition type, there was one test case with lateral mass exchanges upstream of the roughness transition (CWMQ18 and CMWQ18) and one test case without lateral mass exchanges upstream of the transition (CWMQ12 and CMWQ26). Downstream of the roughness transition, mass transfers are always present and are in the same direction for the two test cases of each transition type. The direction of the mass transfers between main channel and floodplain is reported in Table 2 .
Downstream of the transition, the discharge distribution tends towards the distribution of the uniform flow with the downstream roughness (horizontal lines), but the latter is not reached. According to Rominger and Nepf [23] , the flow adjustment length downstream of the leading edge of a cylinder array set in the middle of a flat channel is L dw % 6ð1 þ ðC D abÞ 2 Þ=ðC D aÞ, where b is the half width of the cylinder array, C D is the cylinder drag coefficient and a is the frontal area per unit volume. This distance is defined in their study as the downstream position along the centreline of the cylinder array where the longitudinal velocity becomes constant. It should therefore fairly correspond to the distance where lateral mass transfers become zero. Applied to the present meadow-to-wood Mass exchanges thus appeared to be slower in a compound channel than in a flat channel. This fact can be explained by considering the vertical surface available for the lateral mass exchange, which spans the whole water column for the flat channel, but is reduced to the floodplain flow depth for the compound channel flow.
Effect of lateral mass transfers in the momentum balance of each subsection
We show in the Appendix that the normalised total force related to the lateral mass transfers exerted either on the main channel flow (i ¼ m) or on the floodplain flow (i ¼ f ) is:
where H i is the subsection water depth, U i is the subsection bulk velocity and U d;int is the depth-averaged longitudinal velocity at the interface. Term A i can be split up into two contributions: (1) the acceleration due to flow contraction when fluid enters the subsection (or the deceleration due to flow expansion when fluid leaves the subsection):
and (2) the acceleration/deceleration due to the difference between the velocity of the entering/leaving fluid and the subsection-averaged velocity:
When the velocity of the entering flow U d;int is equal to the mean velocity in the subsection
Considering that U f 6 U d;int 6 U m , the term 2U m À U d;int is positive. Therefore a mass gain ( In the floodplain, two cases have to be distinguished: (1) if 2U f À U d;int > 0, then the mass transfer effect is the same as discussed above for the main channel; (2) if 2U f À U d;int \0, a mass gain induces a driving force (A f \0) and a mass loss induces a 
. In both cases, as U f 6 U d;int , A c;f and A a;f are of opposite sign in the floodplain and the two contributions partly cancel each other. Figure 6 shows the ratios A c;i =S 0 , A a;i =S 0 and A i =S 0 , which represent the two contributions of the total force induced by net lateral mass exchange, together with the sum of these two contributions, normalised by the gravitational force. The two forces A c;i and A a;i are of the same order of magnitude. As stated above, they add each other in the main channel, which results in an important net force A m that is up to twice the gravitational force. By contrast, the two contributions almost cancel each other out in the floodplain, resulting in a very small force A f . For all test cases investigated we are in the case (1) 2U f À U d;int > 0, such that force A f is resistant when mass enters the floodplain. 
Mixing layer dynamics
The difference in velocity between the flows in the deeper main channel and in the shallower floodplain generates a mixing layer at the interface. This mixing layer is investigated in the present section at the constant altitude z f ¼ H f =2. Lateral profiles of mean velocities and turbulence quantities have been measured at different x-stations for each transition. As shown in our previous study [8] , the properties of the compound channel mixing layer (width, dimensionless velocity difference k, etc.) change across the water column. The vertical position of the measurements only varies between ±3 mm (±5% of H f ) along the flume for a given test case. Therefore, the longitudinal variations that are observed for a given test case can be attributed to the longitudinal flow development and not to the effect of the z-variation of the measuring point. Figure 7 shows an example of a profile U(y) measured across the mixing layer for test case CMWQ18 at x ¼ À2:5 m and z f ¼ H f =2. Contrary to the plane mixing layer that features an antisymmetric velocity profile, here the inflection point position y IP does not collapse with the geometrical centre of the mixing layer, nor with the position y U0 where the velocity U 0 ¼ ðU 1 þ U 2 Þ=2 is reached, with U 1 the maximum velocity in the main channel and U 2 the velocity in the floodplain outside the mixing layer in the plateau region. Since the inflection point is the primary source of flow instability [10] , we define it as the centre of the mixing layer. The position of the inflection point is quasi invariant in the longitudinal direction for all test cases investigated, with y IP ¼ y int AE 10 mm. The position of y IP is therefore essentially controlled by the location of the change in flow depth. Unlike Proust et al. [22] and Peltier et al. [19] , we do not detect a lateral displacement of y IP when mass is transferred from the floodplain to the main channel. This may be due to weaker mass transfers than in the experiments of Proust et al. [22] and Peltier et al. [19] . Figure 8a shows the position y U0 relative to the position y int for all test cases. For the two flows without transition in roughness (CM and CW), position y U 0 slightly moves towards the main channel when going downstream. For the flows with a transition in roughness, position y U 0 much more varies and can be related to the lateral mass exchange between floodplain and main channel. The magnitude of the lateral mass transfers is shown in Fig. 8b , quantified by the depth-averaged mean lateral velocity at the interface V d;int , calculated from the longitudinal variation of floodplain discharge Q f . When mass is transferred from the floodplain to the main channel (upstream of the transition for test case CWMQ18 and downstream of the transition for test cases CMWQ18 and CMWQ26), y U 0 is displaced towards the main channel and y U0 À y int [ 0 (right-hand interface). On the contrary, when mass is transferred from the main channel to the floodplain (downstream of the transition for test cases CWMQ18 and CWMQ12 and upstream of the transition for test case CMWQ18), y U0 is displaced towards the floodplain. However, the comparison of Fig. 8a and b shows that the displacement of y U0 is not proportional to the magnitude of the transfers, e.g. in the upstream reach of CMWQ18, the displacement of y U 0 is the highest although the lateral mean velocity is low. Indeed, the displacement of y U 0 is also sensitive to the lateral gradient of U(y) in the mixing layer region. For high lateral gradients of U(y), y U 0 À y int necessarily varies over a shorter range than for low gradients. For example, U(y) has a much lower gradient for test case CMWQ18 at y ¼ À5 m than for test case CWMQ18 at the same position (not shown). Therefore, y U0 moves much strongly in the former case.
Mixing layer centre

Mixing layer width
To take into account the asymmetry of the compound channel mixing layer with respect to the interface, two mixing layer widths are defined on either side of the interface: the main channel mixing layer width d m and the floodplain mixing layer width d f :
where U int is the velocity at the interface. In Eqs. (4) and (5) and thereafter we consider that y int coincides with the position of the inflection point y IP . Figure 9 shows the longitudinal evolution of Plane mixing layer studies [4] showed that the mixing layer width increases with an increasing normalised velocity difference k ¼ ðU 1 À U 2 Þ=ðU 1 þ U 2 Þ. It is also known from shallow mixing layer studies that flow confinement and bed roughness tend to constraint the lateral extent of the mixing layer (a decrease in H or an increase in bed roughness lead to a decrease in d). Chu and Babarutsi [5] To take into account the asymmetrical character of the compound channel mixing layer, specific k-values are defined in the main channel and in the floodplain:
For an antisymmetric mixing layer
The main channel and floodplain mixing layer widths are then normalised in the way:
Note that H f and not H m is used to normalise d m , since H f is the vertical extension of the mixing layer. According to Chu and Babarutsi [5] 
In the present experiments, the bed friction coefficient c f is not adapted for describing emergent roughness elements. Figure 10 shows the longitudinal evolution of d (Fig. 10a) . This suggests that the proposed normalisation d þ i has its limitations and do not take into account all physical processes that govern d i .
The larger normalised mixing layer widths for reaches with grassed floodplains than with wooded floodplains (about three times higher) can be related to the obstruction caused by the cylinder array, which limits the lateral penetration of the coherent structures into the floodplain [27] .
Normalised lateral profiles
In our previous study [8] , we observed that for the two flows with uniform roughness CM and CW, the normalised profiles of longitudinal velocity and turbulence quantities were selfsimilar when going downstream. The velocity was normalised in the form ðU À U 2 Þ=ðU 1 À U 2 Þ and, to take into account the mixing layer asymmetry, the lateral coordinate was normalised by the subsection mixing layer width, i.e. by d m on the main channel side and by d f on the floodplain side. For the roughness transition test cases, the lateral position y U 0 where the velocity U 0 ¼ ðU 1 þ U 2 Þ=2 is reached can be far away from the mixing layer centre y int (Fig. 8) . Therefore the lateral velocity profiles are not self-similar when normalised in the form ðU À U 2 Þ=ðU 1 À U 2 Þ; indeed, the profiles do not pass necessarily through the point (0,0) any more [6] . To take into account the mixing layer asymmetry due to the displacement of y U 0 , the velocity profiles are normalised in Fig. 11 in the form: 
where Fig. 11b shows normalised profiles of U(y) in reaches with wooded floodplains, upstream of the transition for test case CWMQ12 and downstream of the transition for test case CMWQ18, together with the self-similar profile of test case CW. In the frame of the normalisation given by Eq. (10), all U(y)-profiles coincide, and the profiles in grassed and wooded reaches also match together (the only difference is due to the cylinder wakes that are only present in the wooded reaches). We can thus conclude that this velocity profile shape is independent of (i) water depth, (ii) normalised velocity difference k i , (iii) averaged velocity U 0 , (iv) lateral net mass exchange between subsections and (v) floodplain roughness. In other words, all modifications on the U(y)-profile induced by variations in these five parameters are taken into account in Eq. (10) . Note that the difference in the cylinder wake location in Fig. 11b is due to the scaling of the lateral coordinate by d f (although d f varies, the lateral position of the cylinder is fixed). Figure 12 shows the profiles of lateral Reynolds stress qu 0 v 0 ðyÞ at the same x-stations than in Fig 11, normalised in the form Àu 0 v 0 =ðU i À U int Þ 2 ¼ f ððy À y int Þ=d i Þ, consistently with Eq. (10). These profiles do not collapse. Therefore the flows are not fully self-similar, but only partially self-similar in the sense of George [11] , i.e. only for the mean flow but not for turbulence moments of higher orders. The contrast between the superposition of the mean velocity profiles and the diversity of the turbulence quantity profiles was already pointed out by Townsend [25] in the case of wall flows. The non-univocity between velocity and shear stress profiles implies in particular that the eddy viscosity model is not valid. The turbulence is not only due to local production by mean velocity gradients, but is driven by a complex physics where come into play coherent structures and flow history. Tests with other normalisations of the lateral shear stress (e.g.
2 ) show no superposition of the profiles too.
Coherent structures
The time series u(t) and v(t) feature large quasi periodic oscillations in the interface region. These oscillations are the signature of coherent structures that are generated by the mixing layer.
Longitudinal length scale
The Eulerian integral time scale s ii of the longitudinal (i ¼ 1) or lateral (i ¼ 2) velocity fluctuations can be calculated as four times the first zero-crossing of the autocorrelation function of the velocity signal, since the first zero crossing corresponds to the quarter of period for a periodic signal. The longitudinal Eulerian integral length scales L ð1Þ ii can then be calculated with the Taylor hypothesis using the relation L ð1Þ ii ¼ U d;int s ii , where U d;int is the depth-averaged mean longitudinal velocity at the interface. We showed in Dupuis et al. [8] that this velocity is a fair estimate of the convection velocity of the coherent structures. 
22 at the interface and at z f ¼ H f =2. The coherent structures continuously grow when going downstream for test case CM with uniform grassed floodplains. By contrast, the coherent structure length is rather constant after x % 2 m for test case CW with uniform wooded floodplains. A change in trend is observed downstream of the roughness transition, for test cases with a change in roughness. An increase in the growth rate is observed downstream of the wood-to-meadow transition. On the other hand, the meadow-to-wood transition is characterised by a decrease in the coherent structure length, followed by a new increase after x %2-3 m. The evolution trends are the same for L Knowing now that L
ii is proportional to
ii downstream of the meadow-to-wood transition can be related to the decrease in d f in this region (Fig. 9b) and the following increase in L
ii after x %2-3 m to the increase in d m (Fig. 9a ).
Process of growth
The velocity fluctuations at the interface are primarily due to the large-scale vortices with vertical axes. Assuming a sinusoidal shape of the fluctuations, we can relate the amplitude of the fluctuations of u 0 to ffiffiffiffiffi ffi u 02 p . Figure 15 shows the longitudinal evolution of the depth- 
22 =d tot increasing (CWM) upstream of the transition, while the coherent structures are growing (Fig. 13) . By contrast, amplitude of the oscillations and coherent structure size evolve in an opposite way immediately downstream of the transition, e.g. for the meadow-to-wood transition, the amplitude of the oscillations increases while the coherent structures are shrinking. We propose the following qualitative explanation. If R c is the typical radius of a vortex structure and x its rotation speed, the vortex structure angular momentum is proportional to xR 
22 continuously increases while ffiffiffiffiffi v 02 p is constant or increases too. Therefore angular momentum is not conserved and we can infer that the coherent structure growth is associated with structure interaction like vortex merging [28] and/or fluid entrainment [16] , as for plane mixing layers. Immediately downstream of the change in roughness, the variations in L ffiffiffiffiffi v 02 p is limited. This suggests that in these regions the coherent structures are mostly driven by a process conserving angular momentum, like vortex stretching. Figure 16 shows the same quantities as in Fig. 15 , normalised by the depth-averaged longitudinal mean velocity at the interface U d;int , which is also considered as the convection velocity of the coherent structures. It appears that the amplitude of the coherent oscillations scales with U d;int for a given floodplain roughness. . These values are independent of water depth and lateral mass transfers. Figure 16 therefore suggests that there is an equilibrium within the inner organisation of the structure between convection velocity of the structure and amplitude of the velocity fluctuations within the structure. In the region downstream of the transition, an adjustment length is observed before the equilibrium related to the new roughness is reached. This adjustment length is higher for the wood-to-meadow (% 5 m) than for the meadow-to-wood transition (%3 m). We propose the following process for explaining the mixing layer dynamics. When the
Equilibrium
is out of equilibrium, the value of ð ffiffiffiffiffi ffi u 02 p Þ d;int varies in order to reach equilibrium (the value of U d;int being determined macroscopically). This in turn induces a change in the coherent structure size according to the conservation law of angular momentum (Sect. 6.2), and therefore a change in mixing layer width.
Turbulent exchange at the interface
The modelling of the turbulent exchange at the main channel/floodplain interface is a key issue in the numerical modelling of compound channel flows. Figure 17a shows the depthaveraged lateral Reynolds stresses at the interface normalised by the depth-averaged velocity U d;int . The ratio u 0 v 0 d;int =U (Fig. 16) , this adjustment length is higher for the woodto-meadow (% 6 m) than for the meadow-to-wood transition (% 4 m). An adjustment length is also observed immediately downstream of the channel inlet, especially when the floodplains are covered with wood (CW and CWM).
In several compound channel 1D numerical models [1, 20] the lateral shear stresses at the interface are modelled with the formula
where W t is a calibrating parameter that is assumed to be constant. Figure 17b shows the ratio Figure 17a suggests that U d;int is more appropriate to normalise the lateral shear stress. However, the macroscopic quantity U m À U f is easier to compute in numerical models and seems to give acceptable results.
Secondary currents
In the case of non-uniform flows in straight compound channels, both lateral shear stress and secondary currents can contribute to the lateral exchange of longitudinal momentum [22] . The depth-averaged lateral exchange of longitudinal momentum due to secondary currents is given by qðUðV À V d ÞÞ d , where subscript d stands for depth-averaging [26] . Figure 18 shows the lateral distribution of this quantity in the main channel. Profiles upstream and downstream of the transition are shown for test cases CWMQ18 and CMWQ18, along with the uniform flow test cases CM and CW. For the test cases with a roughness transition, the momentum transfers due to secondary currents are more important in reaches with wooded floodplains (dashed lines) than in reaches with grassed floodplains. The lateral exchange of momentum by secondary currents is equal to zero at the main channel centreline, which is expected owing to flow symmetry. The quantity qðUðV À V d ÞÞ d is also weak at the interface with the floodplain, at least compared with the lateral shear stress that is on the order of 3 Pa for example for test case CM (Fig. 17 , with U d;int % 52 cm s À1 for CM). Secondary currents thus generate a redistribution of momentum inside the main channel (momentum is transferred positively in the direction of the floodplain), but the exchange with the floodplains appears to be weak. Figure 19a shows the longitudinal evolution qðUðV À V d ÞÞ d ðxÞ along the position y ¼ 1150 mm, i.e. where this quantity is nearly maximum in the width (see Fig. 18 ). Over a uniform roughness (test cases CM and CW), the quantity qðUðV À V d ÞÞ d is rather constant after x ¼ À1 m and is higher for the wooded floodplain than for the grassed floodplain. Accordingly, a decrease of the momentum exchange due to secondary currents qðUðV À V d ÞÞ d is observed downstream of the wood-to-meadow transition and an increase is observed downstream of the meadow-to-wood transition. Figure 19b shows the same quantity as in Fig. 19a , but normalised by U d;int . After an adjustment length, both downstream of the channel inlet and downstream of the roughness transition, the quantity ðUðV À V d ÞÞ d =U 2 d;int is quasi invariant for a given floodplain roughness, irrespective of flow conditions. The value is nearly four times higher for the wooded floodplain than for the floodplain covered by a meadow, such that the presence of emergent cylinders on the floodplain enhances the secondary currents in the main channel.
The equilibrium between the magnitude of the secondary currents and the convection velocity of the horizontal structures U d;int suggests an interaction between secondary currents and horizontal structures in compound channel flows, an assumption that was already put forward by previous authors [15, 17] . Nezu and Nakayama [17] suggested that secondary currents are indeed intermittent vortical structures that are coupled with the primary horizontal vortices, forming a single complex 3D structure. Further studies are required to clarify this issue, especially the geometrical arrangement of this macro-structure and the dynamical interaction between secondary currents and horizontal vortices.
(a) (b) Fig. 19 Longitudinal variation in the depth-averaged lateral transfer of longitudinal momentum due to secondary currents at y ¼ 1150 mm; a dimensional values and b values normalised by U d;int
Conclusion
The study experimentally investigated compound channel flows with a longitudinal roughness transition on the floodplains between a bed roughness, modelled by a plastic grass (grassed floodplains), and emergent macro-roughnesses, modelled by an array of emergent cylinders installed on a rough bed (wooded floodplains), and vice versa. These flows were compared to uniform compound channel flows with only grassed or only wooded floodplains. Contrary to longitudinal roughness transitions in a single rectangular channel, for which changes in flow depth are observed only upstream of the roughness transition [7] , in a compound channel configuration the water depth can vary all along the flume. This can be related to the lateral mass exchange between subsections that represents a supplementary degree of freedom, compared to the single channel.
Irrespective of flow conditions, the lateral profiles of mean longitudinal velocity feature an inflection point that is located very near the main channel/floodplain interface. The centre of the mixing layer that forms at the interface between subsections, is defined at the inflection point.
The mean velocity at the interface (at the inflection point) U int appeared to play a key role in the flow processes:
1. As the mixing layer evolves differently from either side of the interface, the mixing layer width was divided into two parts: one in the main channel, the other in the floodplain. At a given altitude, when these two widths are normalised by the floodplain water depth and by a velocity difference scaled by U int , two plateau values are observed, each value being related to a floodplain roughness type. The plateau value is about three times higher for reaches with grassed floodplains than with wooded floodplains, indicating that the cylinder array limits the transverse development of the mixing layer. 2. At a given altitude (mid-depth of the floodplain flow), the mean velocity profiles across the mixing layer, normalised with U int and with the subsection mixing layer widths, are superimposed, irrespective of downstream position, flow depth, floodplain roughness type, and lateral mass transfers. By contrast, turbulent quantities profiles do not coincide, showing that the flows are not fully self-similar and that the eddy viscosity assumption cannot be used in this case. 3. For a given floodplain roughness type, the turbulence intensities and the lateral Reynolds stresses at the interface scale with the depth-averaged velocity at the interface U d;int . Moreover, these turbulence quantities normalised by U d;int are about three times higher for the wooded floodplain than for the grassed floodplain, indicating that turbulence production is higher in the presence of emergent cylinders on the floodplains. 4. For a given floodplain roughness type, the magnitude of the secondary currents in the main channel also scales with U d;int . The lateral flux of momentum due to secondary currents normalised by U d;int is about four times higher with wooded floodplains than with grassed floodplains.
The fact that both the turbulent quantities and the secondary current magnitude scale with U d;int (which was shown to be the convection velocity of the structures by Dupuis et al. [8] ), tends to support the hypothesis that primary vortices with vertical axis and secondary currents with longitudinal axis are coupled and form a unique 3D vortical structure [17] . We suggest that this vortical structure tend to a state where intensity of the velocity fluctuations (of both horizontal vortices and secondary currents) and spatial Environ Fluid Mech (2017) 17:903-928 925 extension of the structure are in equilibrium. Downstream of the change in roughness, an adjustment length is observed before the coherent structure equilibrium relative to the new roughness is achieved, i.e. before normalised velocity fluctuations, secondary currents intensity and mixing layer width reach the value corresponding to the new roughness. The lateral mass transfers have no influence on the normalised values of turbulence intensities, Reynolds stresses, mixing layer widths, and secondary currents intensity. This suggests that the proposed normalisation by U int accurately takes into account the effect of the lateral net mass exchanges on the flow structure.
The analysis of the autocorrelation function shows that the length of the coherent structures is proportional to the total width of the mixing layer, irrespective of flow conditions and of downstream position.
Two different processes are identified in the evolution dynamics of the coherent structures. First, vortex merging and/or fluid entrainment are responsible for the overall growth of the structures all along the flume. Second, a mechanism that conserves angular momentum (e.g. vortex stretching) is additionally involved downstream of the roughness transition in order to adapt (increase or decrease) the structure size to the new flow conditions. where U f is the floodplain bulk velocity, B f the floodplain width. The last term on the righthand side stands for the drag forces of the cylinder array, where a is the frontal area per unit volume (a ¼ ND) and C D is the cylinder drag coefficient.
The momentum flux term in Eqs. (11) 
with i 2 fm; f g. The first term is the acceleration/deceleration due to positive/negative lateral mass exchange and the second term is the acceleration/deceleration due to the contraction/expansion of the flow through water depth variation. The factor 2 before the first term can be interpreted as follows. Consider a positive lateral mass transfer without water depth variation: on the one hand the flow has to be ''compressed'' by the entering lateral flow, i.e. accelerated in order to let place for the entering flow; on the other hand, the arriving flow has to be accelerated/decelerated to reach the subsection velocity. Flow leaving the subsection produces similar effects. When the first term on the right-hand side of Eq. (13) is combined with the mass exchange term of Eqs. (11) or (12) (first term on the right-hand side), the normalised total force exerted by the lateral mass exchange is obtained:
